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The  impression  that  agricultural  systems  are  increasingly  vulnerable  to unwanted  environmental  ﬂuc-
tuations has  created  an  urge  for robustness  in  agriculture.  However,  the  meaning  of robustness  and  its
relation to sustainable  agriculture  remain  unclear.  Considering  two  related  concepts,  i.e., vulnerability
and  stability,  this  article  analyses  different  conceptualizations  of robustness  and their  applications  in
agricultural  production  systems.  It  is argued  that  robustness  should  not  be seen as  a  clear-cut  system
feature,  and  that  it only  exists  in the absence  of stability  and by the  grace  of  disruptions  that  could  possi-
bly  harm  the system  structurally  or functionally.  The article  introduces  the  term  robustness  state  to  refer
to an  intermediate  sphere  between  vulnerable  and  stable,  in  which  a system’s  capacity  to cope with  both
ordinary  and occasional  disturbances  is optimized.  We  distinguish  three  robustness  states  that  differ  in
the degree  by which  systems  are  allowed  or inclined  to follow  environmental  changes:  (1)  a state  of
avoiding  exposure,  (2)  a state  of  inherent  resistance,  and  (3)  a state  of response  and  recovery  after  being
disrupted.  In addition  to cardinal  questions  inevitably  related  to  robustness,  namely  the speciﬁcation  of
both system  and  perturbation,  this  article  discusses  the issue  in  what  way  a system  feature  is  robust.  This
issue may  help  to  clarify the  actual  meaning  given  to robustness  and  appears  particularly  relevant  when
discussing  the desirability  of  different  strategies  to cope  with  aspects  of  vulnerability.  Different  rationales
behind  recent  calls  to  make  agricultural  systems  more  robust  are  discussed  with  a view  to  agricultural
developments  related  to  sustainability  of  agricultural  practices  and  the  questioned  necessity  of external
control measures.
 Roya© 2012
. Introduction
The impression that technology-driven expansions after World
ar  II have made agricultural systems extremely vulnerable to
nwanted environmental ﬂuctuations has created an urge for
robust agriculture’. For several reasons this urge for robustness
s remarkable. Indeed, during the last two decades crops and
ivestock have increasingly, and successfully, been raised in a high-
ech manner, notably to contribute to reliable, uniform and stable
roduction. Agricultural production systems have been further
ptimized to withstand common perturbations and new system
esigns have integrated ‘anticipated disturbances’ from the start.
his high level of optimization against anticipated disturbances has
one at the expense of diversity, which causes a potential threat
hen confronted with unexpected disruptions. In other words, theunctional requirements of agricultural systems to answer societal
xpectations challenge the structural organization that is needed
o maintain sufﬁcient capacity to cope with the unexpected.
∗ Corresponding author. Tel.: +31 0317 484 153.
E-mail address: douwe.degoede@wur.nl (D.M. de Goede).
573-5214/$ – see front matter ©  2012 Royal Netherlands Society for Agricultural Scienc
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Robustness relates to a system’s capacity to cope with both
anticipated and unexpected events, their interconnectedness, and
trade-offs between them. In this paper we explore the meaning of
robustness as a balance between vulnerability to some, and stabil-
ity against other disturbances. More speciﬁcally, we  will describe
robustness as an intermediate state between different aspects of
vulnerability and their opposing images of stability.
Robustness is indeed rapidly gaining attention as a possible
solution for a variety of problems that characterize modern agricul-
ture. The Dutch innovation programme ‘Transforum’, which aims
to develop a more sustainable perspective for the Dutch agri-sector,
considers robustness an important societal value that needs to be
developed [1]. For this purpose we  consider two related concepts,
the elaborations of which have resulted in different conceptual-
izations of robustness, namely vulnerability and stability. On the
one hand, robustness is used to refer to the opposites of various
aspects of vulnerability, on the other hand to denote a system’s
capacity to maintain stability despite occurring irregularities. In
this paper we will ﬁrst shortly describe the usage of robustness in
general, before going into a full consideration of different concep-
tualizations of robustness in relation to system vulnerability and
stability. We present the idea that robustness is a state rather than a
es. Published by Elsevier B.V. All rights reserved.
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lear-cut system feature and argue that, in addition to cardinal
uestions concerning the system and its disturbance, this state
hould be taken into account when discussing the robustness of
ystems and the desirability of robustness strategies.
. What is robustness?
Although more or less deﬁned in different ﬁelds, the term
obustness is loosely being used in various contexts and has been
iven equally diverse meanings. Generally, robustness is under-
tood as being a feature of complex systems, related to the capacity
o maintain structure and/or functionality despite internal and
xternal perturbations. Different and sometimes conﬂicting inter-
retations of robustness are found in biology [2,3], ecology [4],
conomics [5], technology and systems engineering [6–8], as well
s in operational research and decision-support [9,10], to name a
ew. The increasing attraction of robustness and robust design to
he agricultural community is probably due to successes achieved
n diverse industries that have applied Taguchi’s robust engineering
ethodologies, most notably automobiles and electronics. How-
ver, long before the current revival of interest in robustness, work
ad already been going on to develop robust agricultural prod-
cts. Already in the 1940s, robust products, i.e., products that
rew uniformly to assure maximum yield despite different weather
nd soil conditions, were being developed [11]. Robinson et al.
12] even argue that these early studies formed the groundwork
or later robust engineering methodologies. Nonetheless, even if
obustness thinking has its origins in agriculture, the various inter-
retations that have subsequently been given to robustness have
bscured its meaning and application in agricultural systems. Dif-
erent applications in crop farming include performance under
oor production conditions [13], strategic decision-making in the
ontext of unknown futures [14] or capacities to respond to crop
ailures [15]. Applications of robustness have been discussed partic-
larly in animal husbandry where it is mainly considered at animal
evel in relation to physiological, behavioural and immunological
erformance, health conditions and production potentials under
 wide variety of environmental conditions [16]. While in animal
usbandry robustness is generally considered at the level of the
ndividual animal, in crop production it is the robustness of the
opulation that counts. This illustrates that also within agricultural
ciences, robustness is being related to different system levels. To
e meaningful, it is important to specify the system level at which
obustness is being considered, i.e., deﬁne the boundary inside and
nvironment of the system [17]. In this paper we use the word sys-
em to refer to physical systems, either natural or human-made,
nless stated otherwise. We  use the word subsystem to refer to
peciﬁed system levels that are elements of larger systems.
.1. Robustness as a ﬂip side of system vulnerability
Robustness appears an intuitively attractive yet ambiguous
oncept. Intentions to develop more robust agricultural systems
ignify a desire to improve the systems in any matter or form. This
s why the characterization of a system as robust presupposes the
xistence of the opposite: a non-robust system. Indeed, robust
ystems exist merely by the grace of disruptions that could possibly
queer the pitch’, causing system failures, performance losses or
ven regime shifts. So we can only classify a system as robust to
peciﬁc disruptions once we have deﬁned its non-robust, vulnera-
le state, i.e., once we have speciﬁed the nature of its vulnerability.
t has therefore been argued that robustness is the opposite, or
he ‘ﬂip side’, of vulnerability [18,19]. For this reason it is not
urprising that robustness has gained the attention of agricultural
cientists whose subject of research has been afﬂicted by increasedrnal of Life Sciences 64– 65 (2013) 1– 7
vulnerabilities to external disturbances over the last few decades.
This also means that assessments of system robustness, let alone
attempts to develop robustness, must coincide with vulnerability
analyses. More precisely, robustness claims have meaning only
if the vulnerability of the system is made explicit. We  therefore
believe that an analysis of the notion of vulnerability is essential
for a better understanding of robustness.
Vulnerability is most often conceptualized as a multidimen-
sional concept that refers to a system’s defencelessness or
susceptibility to damage or disruption. It is used to describe a sys-
tem’s limited ability to withstand exposure to threats and survive
stochastic events. As a concept, vulnerability has been used and
developed in various contexts and research traditions. Although
conceptual frameworks with different characterizations of vulner-
ability have meanwhile been presented [20–24], these approaches
have some terms in common. Vulnerability is generally considered
to be constituted by one or more vulnerability components, and
most deﬁnitions include at least one of the three main aspects:
exposure, sensitivity, and non-resilience, i.e., the incapacity to
absorb and recover from disturbances and possibly adapt to envi-
ronmental changes [20,22–24]. This paper refers to vulnerability
aspects, rather than vulnerability components, since it is not being
suggested that vulnerability only exists when all its supposed com-
ponents are present. Without intending to interfere in discussions
whether or not exposure should be externalized from vulnerability,
we do recognize a qualitative difference between exposure on the
one hand and sensitivity and resilience on the other. While expo-
sure refers to a relationship between a system and its environment,
sensitivity and resilience are system attributes that exist prior to
perturbations and thus are separate from exposure. For the purpose
of this paper it sufﬁces to shortly discuss exposure, sensitivity and
non-resilience as separate aspects of vulnerability.
2.1.1. Exposure
Exposure is the degree, duration, and extent of a perturbation
to which a system is subjected [20]. Because exposure concerns a
relationship between a system and its surroundings rather than a
system attribute, it has been called the ‘external’ side of vulnerabil-
ity [21], as opposed to a system’s ‘internal’ lack of the means to cope
with disturbances without loss. This suggestion of a double struc-
ture of vulnerability is based on a distinction between vulnerability
as (1) a system property that is revealed when the system is exposed
to a disturbance (coping capacity), and (2) a relational property of a
system and the disturbance together. The external side of vulnera-
bility is increasingly being recognized as a constituting element of
vulnerability [23], which, as Gallopín [19] correctly argued, would
classify systems as non-vulnerable only because exposures to per-
turbations are long in coming. An apparent obvious solution to
reduce vulnerability would then be to prevent perturbations from
occurring, i.e., to control the relational property of systems with
their environment.
2.1.2. Sensitivity
Sensitivity is the degree to which a system is or will be affected
by perturbations. In agriculture, sensitivity of crops and animals
to environmental disturbances is frequently seen as a threat to
the production capacity. Reducing sensitivity is believed to help
organisms to maintain homeostasis under a wider range of envi-
ronmental conditions. In animal sciences it is precisely this thought
that explains recent attempts to ‘breed for robustness’, i.e., to select
for low sensitivity to external stimuli that challenge homeosta-
sis. This instantiation of robustness is concerned with the range
within which overall performance is satisfactory. Breeding strate-
gies in animal husbandry increasingly include robustness traits as
integral aspects of overall performance, rather than as secondary
to production requirements. Suggested robustness traits include,
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or instance, high fertility and low calving intervals, low main-
enance, easy calving and longevity [25], temperament [26] as
ell as insensitivity to temperature ﬂuctuations and changing feed
uality [25,27]. These traits are particularly relevant as a reply to
ocietal concerns, as well as a result of their economic value. A com-
only suggested trade-off between performance and robustness
upports this. Systems that have evolved or have been designed
o perform speciﬁc tasks under given environmental conditions,
how increased sensitivity to environmental changes. For instance,
 study by Bytyqi et al. [28] has indicated increased environmen-
al sensitivity of cattle breeds with higher genetic potential for
ilk production. On the contrary, less sensitive systems display
 relatively low performance, but under a much wider range. At
nimal and crop level, selective breeding for robustness is there-
ore believed to lead to generalists, rather than specialists [29]. This
s particularly true if robustness against disturbances at animal or
rop level replaces control measures, such as preventive drug use,
epellents and climate control, which would otherwise have been
rovided externally. All in all, it appears that the potential of robust-
ess as a breeding goal is largely determined by its economic value
27,30].
.1.3. Non-resilience
The third aspect of vulnerability is non-resilience: the lack or
nsufﬁciency of resilience. Resilience may  refer to two different sys-
em features, namely: the capability of returning to an equilibrium
teady state after a disturbance, and having sufﬁcient absorbing
apacity to prevent structural changes. The ﬁrst is known as engi-
eering resilience, measured by the time needed to recover from a
isturbance [31–33], whereas the second has been termed ecosys-
em resilience, or ecological resilience [31,34,35], measured by
he maximum magnitude of disturbance that a system can absorb
efore it collapses. Although the term non-resilience is not com-
only used, references to low or decreasing levels of resilience are
ade to describe a system’s incapacity to return to an equilibrium
teady state, or to the lack of absorbing capacity to prevent struc-
ural changes. In this paper we will refer to engineering resilience
s the elasticity conceptualization of robustness, and distinguish it
rom an amplitude conceptualization of robustness, which refers to
cosystem resilience. Descriptions of robustness as elasticity often
elate to regulatory systems and their capacity to regain efﬁciency
f function. In dairy farming, consider the rate of return to a positive
nergy balance after energy balance nadir (lowest energy balance)
uring early lactation, which was found to affect a cow’s luteal
ctivity and day of ﬁrst heat [36–38]. In crop farming, the recov-
ry times of photosynthetic efﬁciency after low-temperature stress
re measured to assess the robustness of chilling-sensitive plants
n different climates [39].
Note that these examples do not imply that slowly recovering
nimals or plants are more susceptible to disturbances. Suscep-
ibility to disturbances and ability to recover from them are two
eparate system features. In other words, robust systems in terms
f elasticity are not necessarily less sensitive to the disturbances
rom which they easily recover.
Ecosystem resilience measures the amount of space in which
 particular conﬁguration can persist, or its susceptibility to being
ransformed to an alternative conﬁguration by stochastic events.
his is why we refer to amplitude conceptualizations of robustness
hen robustness is used to describe this capacity. An amplitude
onceptualization of robustness is only relevant if stability land-
capes are believed to consist of at least two stable equilibriums.
hat is, the dynamics that structurally deﬁne a system can radically
hange when disturbances are strong enough to initiate transi-
ions to alternative steady states. The amplitude conceptualization
f robustness is particularly relevant in the study of alternative
teady states and regime shifts in ecological systems and extendsrnal of Life Sciences 64– 65 (2013) 1– 7 3
to describing the stamina and adaptive capacity of social systems
in dynamic, multi-equilibrium stability landscapes [4,34,40–43]. In
relation to socio-ecological systems, adaptive capacity might be
considered as a speciﬁc and distinct system feature that denotes the
ability to learn in response to disturbances. In general, adaptation
refers either to an evolutionary process of increasing adaptedness,
i.e., the status of being adapted to a speciﬁc environment, or to what
has been called a system’s adaptability, i.e., its capacity to adapt to
changes in environment. While the ﬁrst is an indication of a sys-
tem’s functional optimization to the relative stability of a speciﬁc
niche, the latter represents a system’s capacity to keep multiple
options open. However, despite successful development of ecosys-
tem resilience in ecology, its applicability to designed systems and
social systems is still under discussion [44–46].
3. Robustness as a description of system stability
Above we have argued that robustness appears as a ﬂip side
of aspects of vulnerability. Robustness is also used to describe a
system’s stability. Three different notions of stability can be distin-
guished: constancy, resistance to change and resilience [47], each
referring to static and ideal situations. We  will refer to them as
stability images, i.e., images that may  be strived after by means of
strategic decision-making, yet virtually unattainable. We  will dis-
cuss them below and describe how robustness has been used to
refer to each of these notions of stability.
3.1. Constancy
Constancy, a situation with little or no change, is observed ex
post and refers to a period without perturbations rather than to
the strength of a system. It describes system performance, regard-
less of the presence of disturbing factors or existing vulnerabilities
of the system under consideration. According to this notion, sta-
bility and the capacity to cope with disturbances when they occur
are two separate things. The distinction made here resembles the
distinction between internal and external sides of vulnerability.
Similar to exposure, constancy does not refer to a system prop-
erty, but to a relation between system and perturbation. Constancy
can thus be designed for by avoiding exposure to disturbance. It
requires what have been called ‘robust control measures’, rather
than indestructible system components. In agriculture, as well as
in other industries, this has led to production systems with high
levels of automation, and to protective environments in which pro-
duction is stabilized at maximum levels by avoiding disturbances.
This strategy manifests itself, for instance, in greenhouse farming,
where crops are being grown under highly protective, stable, con-
trolled and manipulable conditions that avoid exposure to some
stressors (such as temperature shocks and drought), and signif-
icantly reduce the chances of being exposed to other ones (e.g.,
insect pests and diseases). It is based on strengthening protection at
the boundaries of the technological agri-system within which crops
are integrated, thereby aiming to shelter subsystems from environ-
mental ﬂuctuations and disturbances with which they previously
had to cope.
3.2. Resistance
The second notion of stability, resistance to change, denotes
the stability that results from a system’s tendency to remain
unchanged, structurally or functionally, when exposed to pertur-
bations. According to this conceptualization, one can only speak of
the robustness of a system if it is subjected to disturbing inﬂuences.
It is a deﬁnition of robustness that describes a range of environmen-
tal conditions within which a system operates without functional
4 en Journal of Life Sciences 64– 65 (2013) 1– 7
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Fig. 1. Hierarchical arrangement of impacts of disturbances on systems. WhileD.M. de Goede et al. / NJAS - Wagening
r structural degradation and independent of failure-avoiding mea-
urements or the capacity to recover. Theoretically, this means that
he structural or functional state of the system is the same before,
uring and after the disturbance. As Hansson and Helgesson [47]
rgue, this is only achieved when the recovery time after a dis-
urbance is nil. In other words, the system is inert, or inherently
obust.
Inherent robustness can be achieved in various ways, for
nstance with redundancy or by selecting parameters that are
ess susceptible to variations [48]. Discussions about robustness in
erms of inherent resistance are particularly relevant in relation
o uncertainty in system functioning, i.e., when aiming to satisfy
redetermined sets of performance requirements, despite exoge-
ous variability [49,50], or in relation to structural stability, where
obustness is commonly associated with risk analysis [51].
Robustness conceptualizations as inherent resistance are com-
on  in breeding programmes that aim to reduce major control
ethods such as fungicides and insecticides [52]. Both the eco-
omic and ecological beneﬁts associated with inherent resistance
t crop or animal level are main reasons for breeding for robustness.
.3. Resilience
Above we have described the lack of resilience as an aspect
f vulnerability. As a notion of stability, resilience relates to the
apacity of a system to return to its original position and not to
ransit easily between alternative steady state points. Particularly
ngineering resilience, or the elasticity conceptualization of robust-
ess, is being used in agriculture to describe an animal or crop’s
apacity to recover from periods of stress and adapt easily to envi-
onmental ﬂuctuations [1,29,53]. Engineering resilience focuses on
he behaviour of systems near equilibrium states, and systems with
 high engineering resilience are generally appreciated for their
peed of recovery.
Ecological resilience, or the amplitude conceptualization of
obustness, is, for instance, relevant in transition management and
nnovation studies, where robustness of the existing regime is usu-
lly considered a hindrance to realize desired transitions. Not the
peed of recovery but the capacity to sustain, or the effort needed to
verthrow a particular system conﬁguration is relevant. The appli-
ation of ecological resilience in agricultural systems is limited.
. Robustness states
Robustness is not easily separated from system vulnerability
r system stability. Claims about a system’s robustness should at
east make explicit the system under consideration, the disturbance
gainst which the system is believed to be robust, and the notion
f stability intended. This suggests that robustness is a state that
xists, rather than a clear-cut system feature, and that has value
nly in the absence of stability and by the grace of disruptions that
ould possibly harm the system structurally or functionally. Indeed,
o be called robust, a system must not only continue to exist after
eing disturbed, it also should only derive its robustness from the
ontinuous threat of being disturbed again. So whether or not we
all a system robust depends on the structural or functional impact
hat a disturbance may  have on the system.
From high to low, we  may  distinguish the following impacts
Fig. 1):
. Permanent loss of structure and function (discontinuation): The
system is unable to cope with the disturbance and dies, or dis-
continues existing.
. Permanent change of structure and/or function (adapt): The system
is unable to maintain structure and/or function as a direct resultpermanent loss and permanent change of structure and/or function are generally
considered non-robust, systems that recover from, resist or avoid exposure to dis-
turbances may  be called robust.
of the disturbance and is compelled to structurally change and
adapt to its environment to survive in a different form.
3. Temporary change of structure and/or function (recovery): The sys-
tem is temporarily unable to maintain structure and/or function
as a direct result of the disturbance, but is resilient enough to
regain balance when the disturbance comes to an end. The steady
state the system reaches after recovery may be equal to the
steady state before, but could also be an alternative steady state.
4. Preservation of structure and function (resistance): The system is
inherently resistant and can maintain both structure and func-
tion despite being exposed to disturbance. The system remains in
its steady state before, during and after the disturbance. Recov-
ery time is 0.
5. Non-exposure: The relationship between system and disturbance
is such that the system is being screened off, and as a conse-
quence not exposed to the disturbance. Regardless of the coping
capacity of the system itself, the disturbance has no impact.
The larger the expected impact on the system, the least likely we
consider the system to be robust. Undoubtedly, we do not consider
systems robust that are inclined to collapse or degrade if exposed
to environmental ﬂuctuations. It is clear that robustness includes at
least persistence of certain system features. However, it is debat-
able whether systems can be called robust if such features may
persist through adaptation, temporary change, inherent resistance
or non-exposure. We recognize that each system, to a greater or
lesser extent, is vulnerable to disturbances. Systems may  develop
different strategies to cope with vulnerability aspects that consti-
tute overall system vulnerability.
Vulnerability, robustness and stability of systems are closely
related. We have distinguished three aspects of vulnerability
and three images of stability that constitute notional ends of
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(ig. 2. Robustness as a state between vulnerability and stability. Robustness is pre-
ented as a state that exists when systems satisfactorily cope with the relevant
spect(s) of vulnerability in the absence of stability.
ontinuums that range from ‘vulnerable’ to ‘stable’. One such
ontinuum, for instance, is formed by non-resilience on the
ulnerability-end, and resilience on the stability-end, where non-
esilience refers to a situation in which a system is never able to
ecover from any disturbance it encounters, whereas resilience
s a stability image refers to a situation where disturbances of
nlimited magnitude are absorbed and have absolutely no effect
n the system. Other continuums extend from never able to with-
tand exposure (sensitivity), to inertness or inherent resistance
o every exposure (resistance), and from structural inability to
void exposure to speciﬁc disturbances, to constancy and non-
xposure. In each continuum, we believe robustness exists between
he chaos represented by the aspect of vulnerability on the one
and and a static stability image on the other, thus distinguishing
n intermediate sphere in which a system’s capacity to cope with
oth ordinary and occasional disturbances is optimized. We  will
all these intermediate spheres robustness states. The robustness
tates that exist on the three continuums differ in the degree by
hich systems are allowed or inclined to follow changes in their
nvironment. From low to high inclination to follow environmen-
al changes, we may  distinguish the following robustness states
Fig. 2):
1) Avoid exposure: Robustness following from precautionary mea-
sures or system integration in a larger whole that provides
shelter or reduces the likelihood of being exposed to par-
ticular disturbances. This relational property of system and
disturbance is taken as a measure for system robustness. The
presupposed non-robust system is one that fails to avoid expo-
sure to speciﬁc disturbances. The ideal stable situation is one of
constancy and non-exposure.2) Withstand exposure: Robustness following from reduced sen-
sitivity to disturbance and increased inherent resistance of
systems. Rather than the likelihood of being exposed, the
degree to which a system will be affected by a particularrnal of Life Sciences 64– 65 (2013) 1– 7 5
disturbance is taken as a measure of its robustness. The presup-
posed non-robust vulnerable system is one that will be affected
by each and every disturbance, whereas the ideal system would
be inert, or inherently resistant;
(3) Recover from disturbance: A state of robustness based on a sys-
tem’s capacity to respond and recover after being disturbed,
measuring robustness neither in likelihood of being exposed,
nor in the degree by which a system is initially affected by the
disturbance, but in the capacity to recover and regain stability
in multi-equilibrium stability landscapes instead. The presup-
posed vulnerability aspect is absolute non-resilience, whereas
the resilient stability image supposes systems to immediately
regain stability when disturbed.
5. Discussion
Agricultural systems are illustrative of what we  will call a
robustness paradox, which refers to a tension created in a sys-
tem that requires diversity and resilience to cope with unlikely
perturbations such as epidemics, while operating in a market that
demands uniform and stable output. Indeed, diverse systems that
do not comply with the uniformity that society demands may
price themselves out of the market, whereas systems that suc-
ceed in producing uniformity in size, shape, taste and maturity
are usually optimized to produce under ‘normal’ circumstances,
but are consequently more vulnerable to unexpected events.
Restraining vulnerability to one disturbance usually enlarges vul-
nerability to another, an interplay that has been described as a
robustness-fragility trade-off and can lead to robust, yet fragile
‘highly optimized tolerance’ (HOT) systems [54–58]. The ‘robust,
yet fragile’ viewpoint claims that systems evolve complexities that
make them surprisingly tolerant to uncertainties in environment
and system components, and as a consequence extremely vulner-
able to rare and unanticipated perturbations. This viewpoint has
been applied to various complex systems with trade-offs related,
for instance, to the attack tolerance of the internet [59,60], forest
ﬁres in organized forestry systems [61] and evolvability in protein
structures [62]. We  believe that modern agricultural systems have
evolved to HOT systems, designed for high performance and as a
consequence resistant to likely perturbations, yet fragile to the risks
of generally absent disturbances, such as epidemic diseases. These
trade-offs not only illustrate that robustness and fragility are inex-
tricably bound, but also make clear that a system’s robustness state
must above all be seen as the result of weighing up pros and cons.
The three robustness states and related robustness strategies
that we have formulated can all be found in current agriculture.
Resistant plants and resilient animals have indeed been bred sys-
tematically, and growth processes are increasingly being controlled
in optimized environments. We  have seen that each of these states,
despite mutual divergence, is actually being related to ‘robust agri-
culture’. We  believe this is so because these conceptualizations
have a common feature in reacting against a management strat-
egy, unparalleled in success and aversion, namely the eradication
of disturbances, such as parasites, with chemicals and antibiotics.
No other management strategy has allowed selection for yield
above resistance and capacity to recover, and no other develop-
ment has facilitated uniformity and yield maximization as much as
the development of chemicals and their application in agricultural
systems. At the same time, no other agricultural development has
raised so much aversion and generated so many calls for change,
robustness appeals included. It has become clear that agricultural
systems, designed for uniformity and yield maximization, increas-
ingly rely on additional control measures to protect elements of the
system against common disturbances, such as endemic diseases,
pathogens, and nutrient deﬁciencies. Their functional reliability,
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.e., stable production, is obtained by using concentrates, fertilizers,
hemicals and vaccines, production methods that are increasingly
riticized as non-sustainable, but also have consistently neglected
he capacity to either resist or recover from disturbances as a breed-
ng objective.
The rationale behind recent calls to make agricultural systems
ore robust should be seen in the light of criticisms regard-
ng the sustainability of current agricultural practices as well as
rowing concerns about the indispensableness of external control
easures as a management strategy. Transitions towards sustain-
ble agriculture start from changing insights into the vulnerability
f agricultural production systems and measures applied to arm
gainst them. This is why robustness as a design criterion complies
o well with the desire to make agriculture more sustainable. Con-
idering the mutual divergence of the discussed robustness states,
t is necessary to take a critical look at robustness strategies that
re being applied for this purpose.
In discussing robustness, two cardinal questions continue to
eappear. Firstly, what feature of a system is robust, and secondly,
hat kind of disturbance is this feature robust against? [2,63,64].
n relation to robustness states described in this paper we  suggest
dding a third cardinal question, namely, in what way is a system
eature robust? Only the latter question gives insight into the actual
eaning given to robustness and makes it possible to discuss its
orality rather than its outcome. This is particularly relevant in
gricultural systems, where living systems are integrated in a world
f engineering and control. Especially since these living systems are
oncurrently product and the means of production and their rela-
ive autonomy is a fundamental element of agricultural production,
t is important to understand what constitutes their ‘robustness’.
ndeed, while robustness on the one hand is promoted as a moral
ood, on the other hand it raises difﬁcult moral considerations, for
nstance when it comes to breeding robust animals or modifying
rops to create resistance. Should breeding for robustness lead to
igher adaptedness, or instead improve the capacity to adapt to
hanges in environment, i.e., high adaptability? While some argue
hat the creation of animals that function better in conventional
gricultural systems is ethically acceptable, provided that animal
ntegrity is implemented as a breeding goal for robustness [53],
thers [65,66] have strongly rejected the idea of creating better
dapted animals, for instance because it essentially “puts respect
or the states of a subject above respect for the subject” [66].
Interference with a system’s risk of being exposed to pertur-
ations to reduce vulnerability is based, as we have argued in
his paper, on the assumption that vulnerability, stability and
obustness are properties of the relation between system and per-
urbation, rather than properties of the system itself. In agricultural
ystems this relation is unsettled and depends on multiple qualities,
uch as climate, soil, cropping system and management strategy.
owever, we do believe that it is this ‘external side of vulnerabil-
ty’ – a perceived shortcoming of security – that usually initiates
he design of overarching protecting systems in which crops are
ampered. Indeed, when vulnerability is externalized – viewed
s a property of the relation between system and environment –
nd controlled accordingly, environment stabilization will be pur-
ued. This may  lead to a situation where the remaining inherent
obustness of the subsystem – crop or animal – becomes redun-
ant, and may  easily be dismissed as superﬂuous or obstructing
ptimal performance. It is increasingly being recognized that the
efences offered by controlled stabilized technological systems
ave made it possible to ‘breed for production’, rather than for
nherent resistance of vulnerable crops and livestock. This has
wo obvious consequences. In the ﬁrst place, redundant robust-
ess of crops and livestock kept in relatively stable environments
lowly declines in favour of ‘consumer preferences’ such as size,
aste, or yield per ha through selective breeding. In the second
[rnal of Life Sciences 64– 65 (2013) 1– 7
place, these systems increasingly depend on additional control
measures, which in some cases appeared to go hand in hand with
problems of efﬁcacy and with negative side-effects such as freak
accidents, chronic stress and overburdening of animals, soil degra-
dation, emerging pests, weed and disease problems, and have
therefore been explicitly criticized for being non-robust [1]. We
therefore believe that calls to increase robustness in agriculture
should clearly specify the robustness state intended, and strate-
gies chosen to achieve this state. Recognizing that an important
goal of robust system design is a durable match of system out-
put and dynamic stakeholder expectations, robustness states of
exposure–avoidance, exposure–resistance, and resilience might
not be equally desirable, and moreover, subject to shifting pref-
erences. For instance, dominating demands to produce uniformly
and stable suggest that in current agricultural production systems
the signiﬁcance of production outweighs the need to be prepared
to respond to the unexpected. At the same time, agricultural sys-
tems are characterized by production processes that are undeniably
liable to unwanted variations. Preventing exposure to the causes
of these variations, such as diseases, pests and extreme weather
conditions would require control of the production environment,
a strategy that can be realized in some but certainly not in all pro-
duction systems. Further research is needed to work out to what
extent, and based on which value judgements, the urge for robust-
ness in agriculture steers agricultural production systems towards
resilience and adaptation, towards protection and exposure avoid-
ance, or towards a course of breeding vigorous cows and resistant
apples instead. Of particular interest are the trade-offs involved.
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